Oil-collecting bees are the natural pollinators of oil-flower plants, but little is known about the pollination process and the effectiveness of their pollination service to the reproductive success of their host plants. In species of Byrsonima the reproductive system have been described as auto-compatible or self-incompatible. We studied the reproductive system of Byrsonima cydoniifolia, the fructification by means of short, medium and long-distance cross pollinations, the morphology and floral biology and the pollination interactions with species of oil-collecting bees. By means of controlled pollinations we found self-incompatibility caused by abortion of most self-pollinated flowers and demonstrated that the prevailing cross pollination ensuring the reproductive success of B. cydoniifolia is the long-distance cross pollination and Centridini bees; Epicharis nigrita, particularly, are the pollinators promoting the gene flow between genetically distinct populations.
INTRODUCTION
Oil-collecting bees are recognized as the natural pollinators of plant species which flowers secrete oils as rewards to floral visitors (Michener 2007) . This association is possible due to morphological and behavioral adaptations between bees and flowers probably resulting from the evolutionary history of both groups (Neff and Simpson 1981, Alves dos Santos et al. 2007 ), in which they developed an interdependance where plants need the bees to pollinate their flowers and produce seeds to ensure the next generation, and bees rely on these flowers to obtain floral oils used for larval feeding and nest building (Vogel 1990, Schlindwein and Martins 2000) . Whereas such relationship is well documented and described in literature (Vogel 1974 , Anderson 1979 , Sazima and Sazima 1989 , little is known about the pollination process and the effectiveness of the oil-collecting bees pollination service to the reproductive success of their host plants.
Oil-producing flower species can either be self-compatible or self-incompatible. For example, in Byrsonima, a genera belonging to the Familiy Malpighiaceae whose species show a strong association with Centridini bees (Gottsberger 1986 , Teixeira and Machado 2000 , Neves and Viana 2001 , Gaglianone 2005 , Smith et al. 2006 , there are reports of self-compatibility in ten species (Barros http://dx.doi.org/10.1590/0001-3765201420130049 347-357 1992, Benezar and Pessoni 2006 , Ribeiro et al. 2006 , Mendes et al. 2011 ) and self-incompatibility in another five species (Pereira and Freitas 2002 , Rêgo and Albuquerque 2006 , Costa et al. 2006 , Bezerra et al. 2009 , Dunley et al. 2009 , Mendes et al. 2011 . Although a self-compatible plant can set seeds originating from its own pollen, cross pollination promoted by floral visitors can enhance fruit and seed set, significantly increasing its reproductive success (Roubik 2002 , Liu et al. 2013 ). However, self-incompatible species depend directly on pollen vectors to cross pollen between individuals genetically distinct, and long-distance dispersion pollen associated to self-incompatibility and to the behavior of pollinators provinding cross pollination, possibly potentiates the formation of fruits with viable seeds which consequently affect genetic variation (Aylor 2003 , Larrinaga et al. 2009 ). Many oil-collecting bees are capable of carrying pollen grains over long distances (Schlindwein and Martins 2000) , but there is no information about their role in the pollination of self-incompatible oil-flower plants.
Research studies about pollen dispersal and cross pollination with detachment between the pollen donor and recipient plants were carried out mainly with plants of commercial interests aiming to improve the purity of seeds (Raynor et al. 1972, Bannert and Stamp 2007) . In this study we investigated the pollination of a wild oilflower species, Byrsonima cydoniifolia A. Juss. (Malpighiaceae), its interactions with oil-collecting bees and the bees' role in the plant's reproductive success through short-, intermediate-and longdistance cross pollination.
Byrsonima cydoniifolia, known as canjiqueira, is a native species to Bolivia and Brazil, occurring extensively in the Pantanal region (Mamede 2012). The plant presents massive blooming and offers important resources to oil-collecting bees while their fruits are consumed by a variety of birds, the tapir (Tapirus terrestris) and other animals. In addition to their medicinal properties and potential for commercial exploitation in natura, the fruits are processed into juice, jelly, ice cream and licor preparations Pott 1994, Paes et al. 2012) . Pantanal is one of the biggest flood plains of the world, characterized by seasonal ebbs and flows (Pott and Pott 2004) and delimitated in physiographic sub-regions classified according to their prominence, the kind of soil, phytogeography and hydrology (Silva and Abdon 1998) . The weather is sub-humid tropical Aw of köppen (köppen 1948), with two well-marked seasons, a rainy one from October to March and a dry one from April to September, with annual average rainfall of 1400 mm and annual average temperature ranging from 21°C (winter) to 32°C (summer) (Pott and Pott 2004 ). The flora presents species which are characteristics of various phytogeographic areas, such as the Amazon and the Atlantic forests, the Cerrado and the Chaco (Pott and Pott 2004) .
MATERIALS AND METHODS

STUDy
Many plant species in Pantanal have cluster distributions, forming extensive areas with the dominance of one species (mono-specific formations) determined by the kind of soil, water regime (dry and wet) and morphological adaptations of the plant species, tolerant to water flooding or not (Pott and Pott 2004) . These areas receive regional denomination according to the vernacular name of the species (Silva and Abdon 1998) . "Canjiqueiral" has homogeneous vegetation type composed by a shrubby stratum dominated almost exclusively by the canjiqueira (B. cydoniifolia), and a herbaceous vegetation composed by grasses, sedges and other herbs. The B. cydoniifolia species is distributed along the Amazonian region, Bolivia and central part of Brazil, and its height ranges from 1 to 5 meters (Pott and Pott 1994) . Blooming begins in mid-September and continues until the end of December, with the peak of flower production in November and fructification starting in December and extending to the end of April. The fruit is totally developed in four months (Pott and Pott 1994) .
In our study area, we chose three B. cydoniifolia canjiqueirais, denominated canjiqueiral (i), canjiqueiral (ii) and canjiqueiral (iii), (areas: 2000, 680 and 900m 2 respectively). The straight-line distance between the canjiqueirais (i) and (ii) was of 1.9 km, between (i) and (iii) We measured stigma receptivity using the hydrogen peroxide reaction on the stigmatic surface (n = 30 flowers). Treated stigmas were observed with the aid of a hand magnifying glass and we considered stigmas presenting effervescent response, to be receptive (Teixeira and Machado 2000) .
We estimated the proportion of viable pollen grains per anther using cytoplasmatic staining technique by acetic carmine and only considered stained grains to be viable pollen grains (Munin et al. 2008) . We also collected pollen grains from fifteen individuals, sampling flowers in preanthesis (n = 15), in anthesis (n = 15) and postanthesis (n = 15) from each plant. Pollen viability (%) was then assessed under a microscopy inspecting 150 pollen grains per slides (n = 45 slides). For morphometry and morphology we used 30 flowers fixed in alcohol 70% and we described the floral type, the androecium and gynoecium. We also measured the length of elaiophores (n = 30) and diameter and length of corolla and calyx (n = 30). The mean values presented are followed by standard deviations.
FLORAL VISITORS
We observed the foraging behavior of B. cydoniifolia flower visitors in the three canjiqueirais studied. These observations were taken every other day in a total of 360h by means of visual monitoring near the plants.
In canjiqueiral (i) only, we selected five B. cydoniifolia individuals and chose at random 1m 2 of the canopy of each plant to record the number of inflorescences, open flowers, number and average duration of visits to flowers, floral visitors frequency, as well as the result of these visits (pollinationwhen visitors touched the reproductive organs or theft -when visitors removed rewards not touching the reproductive organs). Data about floral visitors were taken during 20 min periods intercalated by 40 min intervals from 05:30 to 18:30h, over five days.
We determined the bee occurrence frequency (OF) using the formula OF = (number of occurrences of a species/ total number of occurrences) × 100. Results over or equal to 50%, were classified as very frequent (VF); between 25 and 50% as frequent (F) and below 25% as less frequent (LF) (Buschini 2006) . Means presented in the results are followed by standard deviations.
Bees visiting B. cydoniifolia flowers were collected using sweep nets, killed, pinned and sent for identification by bee taxonomists. Floral visitors were also classified according to the size as being medium to large (body length ≥ 12 mm) or small (body length < 12 mm) (Bezerra et al. 2009 ). Later, floral visitors were placed in the zoological collection of the Universidade Federal de Mato Grosso do Sul.
REPRODUCTIVE SySTEM
We studied the reproductive system of B. cydoniifolia in the three canjiqueirais through controlled pollination in marked inflorescences and buds bagged with TNT bags (cotton threads and cellulose fiber fabric) for mainpulation at anthesis. Treatments used were: (1) hand self-pollination; (2) geitonogamy; (3) apomixy (emasculating flowers); (4) autopollination (spontaneous self-pollination); (5) hand cross pollination with pollen grains coming from plant donors at different distances to the pollinated plant: pollen from the closest neighbor (5 to 20 m), pollen from a neighbor at an intermediate distance (100 m) and pollen from the most distant neighbor (>1000 m) and (6) natural pollination (control). Fructification was recorded after full fruit development. All treatments were applied to 30 individuals found in the three canjiqueirais. The number of flowers used in each treatment is presented in Table I. We then calculated the self-incompatibility index (SII = % fruits formed per hand selfpollinated flowers/flowers hand cross-pollinated) and the reproductive effectiveness (RE = percentage of fruits formed in natural conditions/percentage of fruits formed by cross-pollination) (Oliveira and Gibbs 2000) . Proportions found in the controlled treatment experiments were tested for significant differences through chi-square (χ 2 ) tests.
RESULTS
MORPHOLOGy AND FLORAL BIOLOGy
Byrsonima cydoniifolia flowers were hemaphrodite, zygomorphic, pentamerous and diplostemonous and presented in terminal racemes. Petals were yellow, ungiculated and free among them. The uppermost petal, called standard or guide, distinguished from the others for being smaller, thicker and for distending totally in relation to the others which were concave (Table I) .
The calyx was green in young floral buds, turning to yellow in pre-anthesis buds. In all inspected flowers we found ten epithelial eliptic oilproducing glands per flower. The androecium was yellow and formed by ten stamens whose anthers presented longitudinal dehiscence and densely haired filaments. Pollen grains were white and dry, showing 85.2% mean viability in pre-anthesis flowers (n = 15), 87.6% during anthesis (n = 15) and 66.83% in post-anthesis (n = 15). The gynoecium presented superior, tricarpellate, trilo cular ovary, with one ovule per locule, three long hairless styles, acute at the apex, apart from each other and positioned slightly higher than the anthers. Morphological and biological measurements of the inflorescence and flower components are shown in Table I .
Buds in pre-anthesis were arranged facing the inflorescence base while flowers were well open towards their apex. Anthesis was asynchronous in distinct points on the inflorescence circumference and started at 05:00h when petals strained and the stamens separated from each other. At this moment, some anthers were already dehisced despite one or two petals still covering the reproductive structures. Then, the remaining petals unfolded, but the standard petal was the last to open and, at this stage, some pollen grains already accumulated on the stylet bases. Next, the three stigmas, already receptive, distended and separated from each other until forming an acute angle with the petals.
All elaiophores were functional since preanthesis and persisted during the whole period flowers were open and attractive to visitors for about two days. After that, anthers became dark and the petals turned redish and dried out progressively until total senescence. CENTRIDINI AND LONG-DISTANCE CROSS POLLINATION Elaiophores, stigmas and sepals were persistent during fruit development. After petal senescence, the sepals of fertilized flowers covered the reproductive structure to protect the fruit in formation.
undeneath the metassoma and mesossoma. After that, the bees left the flowers and while hovering in front of the flower, they combed themselves using the middle and rear legs and packed this pollen in the scopas of their rear legs. Bees took between 4 and 6 seconds per visit when collecting pollen and 7 seconds to harvest oil. Independently of the resource collected (pollen or oil), the bees always contacted the reproductive flower structures and can be considered as pollinators of this plant species (Table II) .
Males of Epicharis xanthogastra were also seen flying over the B. cydoniifolia bushes to establish territories in an atempt to mate females. Their flight consisted of loops forming an eigth over a bush and also flying between nearby bushes and gradually displacing other bee species as well.
Xanthopedia larocai landed directly on a petal or sepal, walked to the elaiophore and hung itself to the petal's pedicel using its mandibles. Then, it scrapped the elaiophores with its forelegs, collecting oil and transferring it to the scopas in their rear legs while still sitting on the flower. After colleting oil from most elaiophores, the bee walked to another flower in the same inflorescence or flew to a nearby inflorescence. Usually, this bee avoided landing on the flower's corola, staying outside the floral circunference. The bee only touched the flower's reproductive structures when collecting pollen. In this case, pollen was removed directly from anthers using the front and middle legs. After that, the bee cleaned itself rubbing the forelegs against the middle legs, and then passed the pollen to the rear legs.
Out of the 16 bee species observed to forage on B. cydoniifolia flowers, 40% only collected pollen. These bees were small sized species (Table II) 
FLORAL VISITORS
Sixteen bee species visited B. cydoniifolia flowers, mainly those belonging to the tribe Centridini (Apidae). Centris was the richest genus in species and Epicharis the most abundant in individuals. Epicharis nigrita predominated among the potential pollinator species of B. cydoniifolia (Table II) and was present in the 1m 2 parcels (n = 5) at all studied times of the day (Figure 1) . We recorded a mean number of 15.6 ± 2.30 inflorescences and 135.0 ± 1.58 flowers per parcel. All Centridini showed a similar behavior when collecting pollen or floral oils from B. cydoniifolia flowers (Table II) . They approached inflorescences flying fast, landing on a flower using the neighbor flowers or the lower petals of the visited flower to get a foothold with their rear legs while hanging themselves to the standard petal by the mandibles. Then, the bee scraped the elaiophores for oils using the fore and middle legs. When collecting pollen, the bees vibrated the flight muscles while pressing their bodies against the anthers and acquired great amounts of pollen on their bodies, especially MORGANA S. SAZAN, ANTONIO DIEGO M. BEZERRA and BRENO M. FREITAS Trigona spinipes and Tetragonisca angustula collected pollen by landing on petals, reaching the anthers, and moving their head up and down pushing pollen out of the anthers, assisted by the mandibles. Then, they collected the pollen displaced from the anthers using their front and middle legs and packed it in their corbiculae. Augochlora species also visited B. cydoniifolia landing on flowers and walking on petals to reach anthers. Pollen was harvested after the bee pressed the anther with its mandibles and squeezed the pollen out of the anther. Later, they collected the pollen grains using their forelegs and packed it in their reduced scopae, trocanter and fêmur of their middle and rear legs.
REPRODUCTIVE SySTEM
All controlled pollination treatments formed fruits. Flowers under natural conditions (control) set the greatest number of fruits followed by the cross pollination treatments, long, short and intermediate distance, in this respective order (Table III) . Treatments involving self pollen (autopollination, hand self pollination and geitonogamy) and apomixy set only a few fruits (Table III) . In addition, apomixy was observed in only three flowers of two individuals. Self-incompatibility index (SII) was 0.17 and reproductive efficacy (RE) was 1.65.
The fructication success observed under natural conditions did not differ to that of long-distance cross pollination (χ 2 = 1.14; p = 0.33), but was significantly greater than the other treatments (Table III) . The long distance cross pollination treatment, however, differed significantly to that of intermediate distance (χ 2 = 10.29; p = 0.02), but not to the short distance one (Table III) . 
DISCUSSION
Byrsonima cydoniifolia bears many morphological and biological characteristics that suggest a strong dependance on biotic pollinators, particularly bees. Its flower offers pollen and oil as rewards to floral visitors, and other features such as diurnal anthesis, yellow flowers, exposed reproductive structures and floral architeture to favor landing, suggest the melitophily syndrome (Faegri and Van De Pijl 1979) . Concentrated flowering, gradual and asynchronous availability of mature flowers and their different orientations in the inflorescence arrangement which facilitate the access to flower visitors, as observed in B. cydoniifolia, seem to be common characteristics to many species of the genus Byrsonima which rely on bee pollination, as reported by many authors (Barros 1992 , Pereira and Freitas 2002 , Teixeira and Machado 2000 , Benezar and Pessoni 2006 , Smith et al. 2006 , Rêgo and Albuquerque 2006 , Bezerra et al. 2009 ). In fact, B. cydoniifolia was visited by a range of floral visitors, all of them belonging to two bee Families.
It is well known that morphology and floral biology are of great importance to pollination success because both can directly influence to pollinator attractiveness, efficacy and, consequently, fruit formation Paxton 1998, Li et al. 2009 ). The morphology of B. cydoniifolia flowers presenting elaiophores arranged around the whole calyx, unguiculated petals which leave accessible space between them, and the thickness of the standard petal, allow floral visitors to hang themselves to the standard petal by their mandibles while pushing their legs between the other petals to reach the elaiophores (Anderson 1979 , Vogel 1990 , Ramalho and Silva 2002 , Smith et al. 2006 . Such caracteristics favor visits by bees specialized in collecting floral oils, like those of the tribe Centridini. Out of the 16 bee species visiting B. cydoniifolia, ten were oil-collecting bees and nine belonged to the Centridini.
In Pantanal, B. cydoniifolia probably constitutes a major oil source for the Centridini species observed in our study. This is especially true to E. nigrita, the most frequent species responsible for almost 60% of all flower visits and certainly the main pollinator of B. cydoniifolia flowers. This bee species has also been appointed as the major pollinator for other Byrsonima species, like B. intermedia and B. sericea (Gaglianone 2005 , Dunley et al. 2009 ). In this study, E. nigrita visited flowers at any time of the day, however its presence on flowers peaked late in the afternoon. We believe this happened because there was a nest aggregation close to one of the studied areas, and probably E. nigrita females took advantage of this proximity to concentrate there their last foraging trips of the day.
The frequency and abundance of E. nigrita to flowers of B. cydoniifolia may be related to bee emergence in synchrony to the plant species blooming period. However, despite providing pollen and oil in their flowers B. cydoniifolia does not produce nectar, and adult bees also need carbohydrates for their survival (Danforth 2009). Therefore, the synchronopatry of B. cydoniifolia and C. uiti in the studied canjiqueirais seem to be a positive association in terms of B. cydoniifolia pollination carried out by Centridini bees, because C. uiti produces abundant nectar and potentially attracts both male and female of the Centridini bees which also visit B. cydoniifolia. In this study, in addition to recording females of all Centridini species, we also observed males of Centris spilopoda, Epicharis xanthogastra and Epicharis zonata collecting nectar in the flowers of C. uiti.
The presence of pollinators such as E. nigrita in areas where B. cydoniifolia occurs is crucial for the species reproduction. This is so, because our study showed that even though B. cydoniifolia can set fruits originating from self-and autopollination, geitonogamy and even apomixy, it is largely selfincompatible and the great majority of fruits produced derive from cross pollination. This was confirmed by the self-incompatibility index found.
CENTRIDINI AND LONG-DISTANCE CROSS POLLINATION
The low fruit set following autopollination and hand self-pollination observed to B. cydoniifolia was also reported to other seven Byrsonima species (Barros 1992) and total self-incompatibility in B. chrysophylla (Ribeiro et al. 2006) . Only Benezar and Pessoni (2006) obtained a high percentage of fruit formation (44%) by autopollination in B. coccolobifolia. Some fruit formations by auto or self-pollination are not rare in (predominantly) selfincompatible plant species and can be an important mean to ensure reproduction when the effective pollinators are scarce or not present at all (Munin et al. 2008 ). Apomixy does not seem to be common in B. cydoniifolia as well as other species of Malpighiacea; Sigrist and Sazima (2004) reported apomixy only to Banisteriopsis pubipetala among 11 species of this botanical family. Apomixy also seems to be rare among species of Cerrado and was observed only in Miconia albicans and Eriotheca pubencens out of 49 species studied by Oliveira and Gibbs (2000) .
Because B. cydoniifolia presented to be a self-incompatible species, the transfer of pollen between genetically distinct individuals is necessary to increase fruit production and the species genetic variability. Therefore, it could be expected that cross pollination between plants growing far from each other would produce greater reproductive success. But studies carried out about pollen dispersion and cross pollination over different distances showed that due to temperature and wind interference little viable pollen reaches receptive stigmas at long distances and suggested that the longer the distance between the donor and the receptor plant, the lower is the efective fructification (Luna et al. 2001 , Byrne and Fromherz 2003 , Bannert and Stamp 2007 . In our study however, the long distance cross pollination treatment (>1000 m) showed similar results to that of the natural condition treatment, proving that most of the pollination achieved by B. cydoniifolia results from long distance cross pollination. Other studies found similar results to ours; Ellstrand and Marshall (1985) working with Raphanus sativus (Brassicaceae) and Godt and Hamrick (1993) with Lathyrus latifolius (Fabaceae) found 18 and 46% fruit formation to distances between 100-1000 m and 70 m, respectively.
Our results suggest that Centridini bees are not only capable of pollinating oil-flower species, such as B. cydoniifolia, but are also capable of promotion a great proportion of long-distance cross pollination. According to Schlindwein and Martins (2000) , some bees evolved their behavior and morphology, and adapted to the gathering of floral resources of difficult access as well as the exploitation of specific floral resources, and can carry pollen over relative long distances. Probably, larger Centridini can fly for longer periods of time and forage in longer trap lines carrying pollen between distant plants (Janzen 1971 , Ohashi 2005 , Ohashi et al. 2009 ). The bees Hoplitis adunca (11-13mm) and Chelostomara punculi (8-10mm), Megachilidae, were recorded foraging 450 to 1000 m from their nests (zurbuchen et al. 2010 ) and all Centridini species observed in our study were larger than 13mm. Therefore, it is reasonable to assume that they can also forage at these distances or further.
Finally, we demonstrated that the natural pollination prevailing and ensuring the reproductive success of B. cydoniifolia is mainly due to longdistance cross pollination and Centridini bees, E. nigrita, particularly, are the pollinators promoting the gene flow between genetically distinct populations. A more detailed study tracking the foraging trips of these bees, assessing their specific pollination efficiency and investigating the pollen grains found on their bodies and nests could elucidate the possible existance of a proto cooperation between bees and B. cydoniifolia.
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